We have used Cluster spacecraft data from the years 2001 to 2005 to study how oxygen ions respond to bursty bulk flows (BBFs) as identified from proton data. We here define bursty bulk flows as periods of proton perpendicular velocities more than 100 km/s and a peak perpendicular velocity in the structure of more than 200 km/s, observed in a region with plasma beta above 1 in the near-Earth central tail region. We find that during proton BBFs only a minor increase in the O + velocity is seen. 
Introduction
Ionospheric-origin oxygen ions play an important part in the dynamics of the Earth's magnetosphere. The full chain of ion circulation involves ionospheric upflow, subsequent magnetospheric energization, and finally transport through the magnetosphere to some final destination. One important destination for the outflow is escape from the Earth's magnetosphere, either directly to the magnetosheath [Slapak et al., 2013] or through the distant tail. Another important destination is the plasma sheet with a subsequent transport back toward Earth [Seki et al., 2001] . Kronberg et al. [2014] provide a thorough review of the transport and energization of O + in the Earth's magnetosphere. The aim of this study is to look at the transport of O + in the plasma sheet back toward Earth in association with bursty bulk flows (BBFs).
The ionospheric cusp is the main source of oxygen ions observed over the polar cap, in the mantle, and in the magnetosheath [Dubouloz et al., 2001; Nilsson et al., 2012; Slapak et al., 2013] . Oxygen ions in the lobes are frequently believed to be of cusp origin. Transport of O + through the tail lobes toward the plasma sheet has been studied in detail [Liao et al., 2010 [Liao et al., , 2012 . It has been shown how the flux of O + is modulated by the solar cycle and geomagnetic activity [Kistler et al., 2006; Mouikis et al., 2010; Kistler et al., 2010; Maggiolo and Kistler, 2014] . The transport of plasma toward the plasma sheet is faster for high geomagnetic activity, leading to higher O + plasma sheet densities for disturbed conditions. Much less is known about the flow of O + back toward Earth. Ohtani et al. [2015] studied the energy density ratio of O + and H + in relation to fast flows using Geotail data. They found that the O + to H + energy density ratio decreased with faster earthward flow whereas it increased with faster tailward flow.
As a consequence of reconnection, plasma earthward of a neutral line (X line) in the plasma sheet is transported toward Earth. If frozen-in conditions hold for both H + and O + , the two ions species should have the same transport pattern perpendicular to the magnetic field. The velocity along the field line may also be similar, as H + and O + in the mantle and lobes are often observed to have the same velocity [Nilsson et al., 2006] . If ions are accelerated in a finite region (i.e., near an X line), the velocity filter effect may cause all ions 10.1002 observed at some distance from the source to have a similar velocity [e.g., Dubouloz et al., 2001; Nilsson et al., 2004; Liao et al., 2010] .
The earthward velocity is thus determined either by the general earthward convection or by how the two ion species are accelerated in the vicinity of the reconnection site where earthward flow is initiated. Shay and Swisdak [2004] have shown that the addition of a heavy minor ion species (i.e., O + ) modifies the outer reconnection region where ions are accelerated. The results presented by Shay and Swisdak [2004] indicate that O + will be less accelerated and may also slow the total reconnection rate. Similarly, Liu et al. [2015] performed 2.5-D particle-in-cell simulations and found that O + was demagnetized in a larger region than H + , the heavy ion diffusion region. They also found that O + was energized by both the x and y components of the electric field, while H + was mainly energized by the x component.
Transient reconnection leads to bursts of accelerated ions. The associated transient increases in the earthward flow of plasma, known as BBFs, play an important role in the earthward transport of plasma [Angelopoulos et al., 1994] . BBFs are defined as regions with strongly enhanced earthward proton flows. For statistical studies some more rigorous definition is needed, even though the precise definition is somewhat arbitrary. In the work of Angelopoulos et al. [1994] BBFs were defined as periods with earthward flows above 100 km/s, with a peak magnitude within the structure of at least 400 km/s. Pitkänen et al. [2013] may be energized by the motion along the electric field, but may also move out of a spatially limited flow region, rather than drift along with the protons.
Given the larger gyroradius of oxygen ions (for the same energy), it is not obvious that oxygen will be transported in a similar way as protons in the plasma sheet in general. This is even more true for bursty bulk flows, which are of limited spatial and temporal extent. Indeed, a visual inspection of bursty bulk flow data used in other studies [Pitkänen et al., 2013; Hamrin et al., 2014] shows that frequently the O + ions do not appear to be much accelerated at all at the time of peak H + velocity. On the other hand, Zong et al. [2008] showed cases of O + -dominated bursty bulk flows, observed during storm times when the O + number density exceeded the H + number density by a factor of 3 to 5. For that situation the velocities of H + and O + were fairly similar (reaching about 400 km/s and 600 km/s, respectively), so this does happen for some circumstances. There are also reports of O + flow in the distant tail which is apparently associated with reconnection in the tail [Zong et al., 1998] . A statistical study of high-energy O + ions (140 keV-1 MeV) indicated strong acceleration of O + associated with near-Earth reconnection [Luo et al., 2014] . Greco et al. [2015] reported test particle simulations of O + response to dipolarization fronts (which are associated with BBFs). They found that they could reproduce a high-energy tail similar to what was reported by Luo et al. [2014] and also that for the bulk of the population the O + ions were not accelerated to the same velocity as were H + .
Thus, O + ions may both be less accelerated than H + in the region of ion acceleration and behave in a different way within the enhanced flow region. The behavior of O + in response to BBFs is the subject of this study where we show both how O + is transported in the plasma sheet and how it responds to reconnection as compared to the much more studied H + population.
Method

Data Set
Ion and magnetic field data from the Cluster spacecraft [Escoubet et al., 2001 ] from the years 2001 to 2005 have been used in this study. This corresponds to the declining phase of a solar cycle 23.
The ion data were obtained with the mass resolving CODIF instrument on spacecraft 4 [Rème et al., 2001] . CODIF data from the high sensitive magnetosphere modes were used. The energy interval used was 40 eV to 40 keV. CODIF bins data into four mass ranges, H + , He 2+ , He + , and O + . Here only H + and O + data were used. CODIF obtains one full distribution function every 4 s spin, but the downlinked data may be of 4 to 12 s resolution. The ion data were combined with magnetic field estimates obtained from the Cluster fluxgate magnetometer [Balogh et al., 2001] . Throughout this study 4 s spin-averaged magnetic field data were used. Integrated moment data were used, which may have to be taken into consideration as the ion distributions are frequently not Maxwellian, see discussion in section 3.2.
In this study, data were removed when there was an indication that H + fluxes could have influenced the O + measurements, as discussed by Nilsson et al. [2006] . In practice, this affects only a small part of the data outside the cusp/mantle and magnetosheath, due to less intense proton fluxes.
Another potential problem when comparing different ion species is the limited energy range of the instrument. Bursty bulk flows may reach velocities of 1000 km/s for H + . This velocity is outside the instrument measurement range for O + . If O + is accelerated to the same velocity as H + , the bulk of the O + population would be outside the instrument measurement range. This is further discussed in section 4.
Data Selection Criteria
In order to study the flow in the plasma sheet a similar criterion for identification of the plasma sheet, as in a series of previous papers, has been used [Kistler et al., 2006; Mouikis et al., 2010; Kistler et al., 2010; Maggiolo and Kistler, 2014] : The plasma beta must be above 1, the position X GSM < −10 Earth radii (R E ), |Y GSM | < 7 R E , and |Z GSM | < 5 R E . Finally, the proton density N H must be less than 2 cm −3 . Both tailward and earthward flows are accepted. A criterion to remove any possible magnetosheath data has also been implemented, by demanding that T ⟂ (eV) N H (cm −3 ) > 1000 [Hamrin et al., 2009] , as higher temperatures and lower densities are expected in the plasma sheet as compared to the magnetosheath [Hamrin et al., 2009] . In order to have meaningful velocity estimates a lower limit is also set on the minimum ion density for both H + and O + . Both 10 −2 cm −3 and 10 −3 cm −3 were tested. The former reduced the number of BBFs in the superposed epoch analysis significantly while otherwise giving qualitatively similar results. A density threshold of 10 −3 cm −3 as lower density limit was therefore chosen for the data used in this study.
The region studied is illustrated in Figure 1 . The spatial region of the selection criteria is indicated with a white box in Figure 1 (left) and with black boxes in the other panels. Figure 1 (right) shows the relative occurrence of earthward flows for data points with plasma beta >1. Earthward flows dominate, in particular, at the flanks outside our spatial selection criteria. This indicates that the spatial selection criteria do not significantly influence the results but also that the flank regions may require a separate study.
For plasma transport to and from the tail the total earthward velocity is of interest (i.e., the V x component). In the plasma sheet the plasma beta is unity or higher, so that it may be that the magnetic field lines are carried by the plasma flow rather than guiding it. The magnetic field may also exhibit fast variations, which may pose a problem when calculating velocity moments in a magnetic field reference frame. For studies of plasma dynamics the corresponding magnetic field perpendicular component V ⟂x is still of particular interest as it reflects the plasma convection, and should to first order be the same for all ion species (assuming frozen-in conditions hold). Criteria to identify bursty bulk flows based on the magnitude of the flow, similar to methods and criteria used by Angelopoulos et al. [1994] , were tried, as well as criteria based on the perpendicular flow velocity by Pitkänen et al. [2013] . The results are similar, but the results using the magnitude of the flow in the X GSM −Y GSM plane (V xy ) yield somewhat clearer results. Because the perpendicular velocity of the two ion species should be the same if the frozen-in condition holds, it is still more informative to study the perpendicular velocity. In this study, a BBF is thus defined using the perpendicular velocity: BBFs are periods with V ⟂xy > 100 km/s, with a peak within the structure of at least 200 km/s. Only BBFs within the plasma sheet as defined above are included. A three-data-point running mean was used on the data before the selection criteria were employed, so that single data points just below the velocity and plasma sheet thresholds would not affect the result.
Results
Superposed Epoch Study of Proton BBFs
BBF events in the plasma sheet fulfilling the definition given in section 2.2 were identified. Events were required to have at least five and at most 30 data points. The lower limit was set only to include clear events. The upper limit was to exclude possible other types of more continuous flows. In a final step the average velocity of the BBF event was compared to the average velocity in blocks of 30 data points before and after the BBF event. The BBF event was kept in the database only if the average velocity during the event was at least twice that of the time period before and after the event. This ensures that only isolated events, suitable for the superposed epoch study, are selected. The velocity profile used for the superposed epoch analysis consists of the BBF event and the two 30-data-point blocks observed before and after the BBF event. The BBF data were resampled on a 30-data-point grid, so the total superposed epoch events had a 90-data-point grid. This means a rescaling in time for short events. The idea is to get the average structure of the BBFs, with a consistent relation to the surrounding environment. The analysis was performed separately for earthward and tailward flow.
The result is shown in Figure 2 . Data for earthward flow events are shown to the left, for tailward flow to the right. (red). The average densities are close to constant for both ion species. As the velocity increases, the particle flux is thus enhanced during the BBFs. The average densities show very little change for the earthward flow case, though a weak decrease can be discerned for H + during the BBF. There is a weak downward trend for the H + density during the BBF for tailward flow. These decreases are in accordance with the study by Ohtani et al. [2004] , see, e.g., their Figures 3 and 7 , respectively, as well as with the scenario of depleted flux tubes representing BBFs. The decreases have only a small effect on the particle fluxes. Generally, as the velocity increases, the particle flux is thus enhanced during the BBFs. Figure 2 (fourth row) shows the magnetic field components, with black for B x , blue for B y , and red for B z . For earthward flow B z is positive and increases during the BBF, while B x shows a decreasing trend during the BBF. This is consistent with some degree of dipolarization during an earthward BBF. For tailward flow B z is positive around the event, but negative in the middle of the event. Negative B z is consistent with a location tailward but close to a reconnection site, i.e., in the earthward side of a plasmoid. There is some enhancement of the parallel flow of H + during a BBF, but on average there is no enhancement of the parallel O + velocity.
Example Events
The superposed epoch study is complemented with two example events, one for earthward and one for tailward flow. The earthward flow sample is typical in the sense that not much response is seen in the O + velocity estimate when there is a clear increase in the H + velocity. The energy spectrograms of both ion species peak within the energy range of the instrument. The tailward flow case is typical in the sense that the velocity of the O + increase in a similar manner to the H + velocity, but with a lower magnitude. For this case it looks like the upper limit of the instrument energy range may be limiting the results. the distributions are falling off somewhat toward higher energies, but it seems like the limited energy range is affecting the velocity estimate.
One may also note the lack of low-energy particles in the O + populations. These distributions may thus not be Maxwellian, and this may affect the results. The integrated moments still reflect the net motion of particles within the instrument energy range. The flux below about 1 keV is below the instrument one count level. The integrated counts and thus integrated flux in this energy range is thus negligible, and the total flux estimate is not much affected by the fluxes falling below the instrument sensitivity threshold below 1 keV. Thus, any low flux low-energy population should not much affect our moment estimates, though it may contribute to some underestimate of the velocity moment. One may note that the lowest 1 keV is a small part of the total energy range of the particle population for these sample distributions.
Correlation Between H + and O + Velocity
The superposed epoch analysis indicates a weak correlation between earthward H + and O + flow in BBFs and a somewhat higher correlation for tailward BBFs. Figure 6a shows the distribution of the O + velocity in the X GSM direction as function of the H + velocity in the same direction, for all data fulfilling the plasma sheet criterion described in section 2.2. Each column of Figure 6 thus shows the normalized distribution of O + velocities for a given H + velocity bin. magnitude of v xy a weak correlation between the velocity of the two ion species can be discerned also for positive H + velocities (not shown). The correlation is much further improved for the magnitude of V ⟂xy , as shown in Figure 6 b. The cross-tail electric field in the central plasma sheet is expected to have an average positive duskward component, consistent with transport toward the center of the plasma sheet and earthward. The higher duskward motion for O + as compared to the major ion species H + indicates a net motion of O + along the magnetotail electric field. This appears not to be related to BBFs in particular. This is consistent with a picture of magnetized H + and unmagnetized O + .
Discussion
It has been shown in previous studies [e.g., Angelopoulos et al., 1994] that BBFs contribute a significant fraction of the earthward transport of plasma in the plasma sheet. The superposed epoch study of this paper shows that O + does not follow along the H + ions in BBFs.
The correlation study shows that the most common O + earthward velocity for any given earthward H + velocity is a low positive value, a few 10 km/s, no matter how high the H + velocity. The correlation for perpendicular velocities is good only up to about 100 km/s, at higher velocities the O + ions lag behind. This means that the response of O + to disturbed conditions is fundamentally different from that of H + . The earthward transport of O + is slower.
The main reason to expect that the H + and O + populations should have the same perpendicular bulk velocity in the tail is if the frozen-in condition holds. In such a case both species will E × B drift together.
In the cusp and mantle there is a tendency that H + and O + have the same bulk field-aligned velocity [Nilsson et al., 2006 [Nilsson et al., , 2012 , and the velocity filter effect yields further similar bulk velocities in the lobes [Liao et al., 2012] . Thus, also the parallel velocities of the two ion species are likely to be the same as they enter an X line region in the plasma sheet. The superposed epoch study shows that we see no enhancement of the parallel flow of O + during BBFs defined from perpendicular flow of H + . However, there is some corresponding enhancement of the parallel H + flow.
For flow from a small acceleration region (e.g., an X line), a velocity filter effect could also lead to similar velocities of ion populations observed at a significant distance from the source. On the other hand, Karlsson et al. [2015] showed that there is a consistently positive acceleration of ions in BBFs for tailward distances greater than 14 R E ; i.e., part of the acceleration cannot be considered to occur in a small region. Similarly, Greco et al.
[2015] reported test particle simulations of how O + and H + were accelerated as a dipolarization front propagated through the tail. They found more acceleration of initially cold O + , and a tendency for the bulk of the ions to be accelerated to about the same energy regardless of mass. Thus, the acceleration of O + close to an X line and at some distance when a dipolarization front passes through the plasma could be quite different. This is possibly what we see in our data, Figure 6b , where two peaks can be seen in the O + velocity distribution, in particular, for positive H + velocities. Tentatively, we have higher O + velocity/better correlation close to an X line. Then the situation is similar for earthward and tailward flows. As a dipolarization front passes through the plasma farther away from the X line, the typical response of O + is just a low earthward velocity.
A possible explanation for lower estimated O + velocities could be that a significant fraction of the O + ions are accelerated outside the instrument energy range. This would indeed frequently happen if the O + ions acquire the same velocity as the H + ions. The velocity correlation data shown in Figure 6 clearly show that this is not the case. The ion velocities start to differ at velocities well within the instrument energy range. Inspection of energy spectrograms (see our example cases) also show that we typically see the peak of the ion distribution within the instrument energy range. As there is still often a high-energy tail extending outside the instrument energy range, the calculated velocities are somewhat underestimated for the higher-velocity cases. Another concern is that the O + population falls below the one count sensitivity threshold below about 1 keV. This could lead to a slight overestimate of the velocity moments, but as this population below 1 keV does not contribute significantly to the total flux, it should have a rather small influence on the velocity estimates. Particles at energies below the instrument energy range is another matter, but as the drift energy corresponding to BBFs is well above the lower energy limit used of 40 eV, such a population is not likely and would anyway not affect our conclusions.
A higher correlation is observed between the perpendicular earthward ion flow of the two ion species (see Figure 6b ). There is, however, a difference in the direction of the flow, with O + generally having a significantly stronger Y GSM component of the flow (data not shown). The magnitude of V ⟂xy is well correlated for earthward flow for velocities up to 500 km/s, but for velocities above about 100 km/s the O + velocity is significantly lower than the H + velocity. A duskward net motion for O + is seen. This is along the expected tail electric field direction and consistent with the O + ions not being frozen to the magnetic field. To further check this hypothesis about a demagnetization of the O + ions, we show in Figure 7 the same correlation plot as shown in Figure 6 b, but now for magnetic field strengths higher than 30 nT. We now, indeed, see a stronger similarity between the magnitudes of the velocities in the X-Y plane. The range of observed velocities is also much more restricted, only up to about 300 km/s.
For tailward plasma flow there is a much stronger correlation (see Figure 6a ). Tailward high-speed streams are likely caused by reconnection close to Earth, which is more likely for disturbed conditions. For disturbed conditions the O + content of the plasma sheet is normally enhanced [Kistler et al., 2006; Maggiolo and Kistler, 2014] . This is supported by the fact that the O + density is high for high-speed tailward flow, as shown in the superposed epoch analysis (Figure 2 ). The O + velocity is still lower than the H + velocity, but the correlation between the H + and O + velocity is significant, as opposite to the earthward flow case (Figure 6a) . Ohtani et al. [2015] also found an asymmetry between earthward and tailward flows. The O + to H + energy density decreased with increased earthward velocity, whereas it increased with increasing tailward velocity. This is consistent with the velocity correlation found in our study, where the bulk velocity increases for both ion species for tailward flow. Ohtani et al. [2015] also performed a superposed epoch analysis, but for a 30 min interval, compared to our 90 data points (6 min). They did not have composition data for the flow velocity but found that on this time scale both H + and O + energy density increased by about 20%. This is a much smaller change over a much longer time scale than the bulk velocity increases we have studied here. [2004] and Liu et al. [2015] described how the presence of two ion species can affect the reconnection process. In the case of one lighter and one heavier ion species (H + , O + ) new length scales associated with the heavy ion whistler and Alfvén waves are established. The heavier ions are accelerated over larger length scales. In the Shay and Swisdak [2004] model the heavy and light ions end up at similar velocities over the larger-scale size. It seems possible that heavier ions attain a lower velocity if the dissipation region associated with the final acceleration of heavy ions is never established. This could be due to finite dimensions of the system. The geometry of the dissipation regions around an X line may also be asymmetrical, there being more room available on the tailward side, thus allowing for more acceleration of the heavier ion for the tailward flow case. Another possibility is that the O + fraction can often be significantly less than that in the Shay and Swisdak [2004] model, where the heavy ion density was assumed to be a fraction 0.64 of the light ion number density. If the minor ion population is too small, this could also lead to the fact that the larger scale regions, over which the heavier ions attain their full speed, are never established. The superposed epoch analysis indicated that the O + density was typically higher for the tailward BBFs. Similarly, the events reported by Zong et al. [2008] occurred for O + -dominated conditions.
Shay and Swisdak
Liu et al. [2015] reported that O + was accelerated more in the Y direction than was H + , consistent with the finding in our study that O + has a significant duskward component as compared to H + . We however see this result on average, not just for high-speed flows.
The fact that we typically do not observe very high O + velocities indicate that the scale size of a region associated with the heavy ion Alfvén wave near a reconnection site is typically too small to provide acceleration of O + up to the velocity of H + . The size of BBFs may lend support to this scenario. In some simulations the scale size of a BBF may be of the order of an O + gyroradius [Ge et al., 2011] . In this study the average magnetic field for the superposed epoch study was 18 nT (not shown). For a typical plasma sheet energy of the order of 1 keV this means a gyroradius of the order of 1000 km. The gyroradius corresponding to an O + bulk drift of 400 km/s is about 1 R E .
Conclusions
Simultaneous observations of H + and O + in the near-Earth plasma sheet were used to study the bulk velocities of the two ion species. Five clear points can be noted: + is lower than that of H + . Tailward flow in the plasma sheet is expected tailward of a reconnection region. The O + density is high for these events, consistent with them taking place for disturbed conditions. For Cluster observations of tailward flow, the observations must take place close to the reconnection site, which should increase the correlation between the velocities of the two ion species.
For tailward H
+ flow there is a clear correlation between the velocities of H + and O + . The O + velocity is typically lower than the H + velocity. The higher correlation for tailward flow could be because observations are likely made closer to the reconnection site for tailward flow. A double peak in the distribution of the perpendicular O + flow for positive perpendicular H + flow may support this interpretation. When observations of earthward flow is made close to the reconnection site, the two ion velocities are correlated, giving rise to one of the observed peaks. At other locations the peak in the O + velocity distribution is at low positive values regardless of the H + velocity, tentatively corresponding to observations far from a reconnection site. Another possibility is that there is room for a larger region of O + acceleration on the tailward side of a reconnection site, which would enhance heavy ion acceleration and thus improve the correlation between H + and O + velocities.
